Abstract
Introduction

30
Nutrient availability is a major factor limiting survival, growth and reproduction of 31 many animal species 1 , resulting in natural selection for adaptation to cope with nutritional 32
stress. Yet, little is known about evolutionary adaptations that help juvenile animals not only
33
to survive, but also grow, develop and reach maturity under chronic nutrient shortage.
34
However, recent studies point to a particular importance of gut microbiota in coping with 
86
Larvae of our Selected populations had previously been reported to develop faster 87 and survive better than Control larvae on poor diet (but not on standard diet) 10,11 , a 88 manifestation of their evolutionary adaptation to the poor diet; however, in those studies the 89 colonization of the larvae by microbiota was not controlled and not assessed. We
90
hypothesized that the improved performance of Selected larvae on the poor diet is at least in 91 part mediated by an improved ability to benefit from interactions with microbiota. If so, one 92 would predict that their superiority over Control larvae would diminish if they were deprived 93 of the help of microbiota, i.e., in a GF state. To test this prediction, we compared the length of 94 larval development and survival of Selected and Control populations in a GF state and when
95
experimentally colonized with microbiota collected from adult feces. On the poor food, while
96
Control larvae colonized with microbiota developed 40% faster and were three times more
97
likely to survive than their GF siblings, the corresponding effect of microbiota treatment on
98
Selected larvae was much smaller (Fig 1A, B) . On the standard food, the effect of microbiota 99 on development and survival was markedly smaller (Fig S1A, B) . Thus, while in the GF state 100 the Selected larvae took 30% less time to pupate on poor diet and were about three times as (which are clustered together in the genome and reported to have a very localized expression 140 in the gut 13 ) exhibited the opposite pattern, i.e., were downregulated by microbiota (Fig 2C) .
141
Out of the 11 proteases, we identified two (Jon66Cii, CG18180) whose mRNA levels were 142 consistently higher in Selected populations compared to Controls; we also observed that
143
CG8299 had higher expression in Control than selected populations (Fig 2C) . 
179
colonized larvae, it increased sharply during the corresponding developmental period in GF 180 larvae (slope difference p < 0001, Fig 3A) . Because no such increase is observed for protease 181 activity (Fig 2A) , it implies that GF larvae upregulate their investment in polysaccharide 182 digestion relative to protein digestion towards the end of their development. Irrespective of 183 these temporal changes, GF Selected larvae consistently showed three-fold lower amylase 184 activity than GF Control larvae of the same stage (blue symbols in Fig 3A) ; this difference is 185 much smaller and non-significant in microbiota-colonized larvae (orange symbols in Fig 3A) .
186
Thus, we again observed a pattern of interaction such that the difference due to evolutionary 187 history was more pronounced in germ free than in microbiota-colonized state. However, fast 188 development and high survival on poor diet (Fig 1) were associated with lower amylase 189 activity. This implies that increased amylase activity is a sign of nutritional stress. Given the 190 negative regulation of amylase activity by glucose concentration 14,15 , these results suggest
191
that Control larvae may have lower glucose levels than Selected larvae under GF conditions.
192
To verify if the pattern we observed is regulated at the transcriptional level we
193
quantified amylase transcript levels in the guts. We analyzed expression of two amylases.
C).
Under GF condition, Amy-P levels were higher in Control populations than in Selected
196
populations, but no significant difference was detected in Amy-D levels (Fig 3C) . Given that
197
relative expression abundance of Amy-P is much higher than Amy-D (roughly 20 times, Fig   198   3C ), Amy-P is likely to be the major gene contributing to the amylase activity pattern that we 199 observed earlier (Fig 3A) . Even though Amy-P expression is reduced by microbiota and is
200
expressed at lower levels in Selected than Control populations, the expression pattern does
201
not fully explain what we observe for amylase activity, and other regulatory mechanisms (e.g.
202
cAMP levels 14 ) may also play a role in regulating amylase activity.
203
In the gut, glucose is generated through the hydrolysis of maltoses by maltases. If
204
amylase activity is lower in Selected populations and upon microbiota colonization because
205
of glucose concentration in the gut and/or hemolymph, maltase activity is predicted to be 206 higher in these conditions. To check this we also analyzed expression of four maltase genes.
207
In agreement with this prediction, we observed a high expression of maltases in Selected
208
populations for Mal-A1, -A3 and -A4, although not for Mal-A8 (Fig 3C) . A consistent 209 decrease in expression can be observed upon colonization only in Control populations for
210
Mal-A1, -A8 (Fig 3C) . Mal-A4 exhibits this trend only at late 3 rd instar but this is not 211 statistically significant due to high variation among populations (Fig 3C) . Mal-A3 expression
212
is rather induced in Selected populations upon colonization, and remains unchanged in the
213
Control ones (Fig 3C) . To spot the general trend among these carbohydrate-digesting 214 enzymes we performed multivariate analyses. We observed a clear separation between the 215 evolutionary regime, colonization status and developmental stage (Fig 3B left, Table S3 ).
216
However, we observed only a marginally significant interaction between the evolutionary 217 regime and developmental stage, and no interactions between other factors (Fig 3B left, comparable to what was observed in a mock sample only containing sterilized water, which 257 sets the detections limit (black line in Fig S1) . This assures that our procedure of generating
218
258
GF animals was effective.
259
The above results indicate that Selected and Control populations become similarly 260 colonized by the dominant Acetobacter strain upon experimental inoculation followed by 261 development on the poor diet. This implies that adaptation of Selected populations to poor 262 diet did not cause any changes in the gut that would affect its colonization by commensals.
263
However, this does not preclude a difference in the amount of bacteria they normally harbor 264 under their respective evolutionary regimes (in their "conventional" environment), given that 265 the regimes differ in diet and does not involve experimental inoculation. To address this issue,
266
we used the same approach to quantify bacterial colonization by Acetobacter in the main 267 cultures used to propagate these populations under the experimental evolution that is ongoing 268 in the lab (i.e., on poor diet for Selected and on standard diet for Control populations).
269
Interestingly, despite the difference in diet, these larvae reared in their respective 270 conventional environments were colonized with comparable levels of Acetobacteraceae (Fig 
271
4B green symbols). This suggests that the ability of Selected lines to become largely 272 independent of microbiota (i.e. their ability to cope with being GF) is a physiological result of 273 being adapted to malnutrition and not of being maintained GF by coincidence.
275
Growth rate and activation of dFOXO targets
276
Acetobacter pomorum has been shown to promote larval growth through induction of 
431
Counted eggs were transferred to fly bottles containing standard or poor food medium.
432
For the GF treatment, 300 µl of heat inactivated bacteria (developmental time experiment) or 433 sterile PBS (enzymatic activity assays and RT-qPCR experiments) was added on the sterile 434 embryos.
435
To colonize larvae with microbiota, fecal transplantation was used. Adults (10 males and 10 436 females) were collected from all populations and kept on standard food for five days. They
437
were transferred on a petri dish with a slice of medium and allowed to defecate for 48 hours.
438
Feces were collected after removal of the medium using an ethanol washed brush in sterile
439
PBS. Feces were filtered through a previously bleached and rinsed mesh and remaining
440
solution was adjusted to a culture turbidity (OD) of 1 to have approximately 10 9 cells. 300 µl
441
were inoculated on the embryos for colonization.
442
To mono-associate larvae with Acetobacter, bacteria were grown for 48 hours at 30˚C under 
474
Nucleic acid extraction and qPCR
475
RNA extractions were performed from three biological replicates of 10 dissected midguts or 476 10 whole larvae from all six Selected and six Control populations (resulting in 72 gut samples
477
for each time point and 72 whole larval RNA samples) using RNAeasy Mini Kit (Qiagen).
478
Reverse transcription was performed as described in 7 .
479
DNA extraction was carried from samples containing 10 surface sterilized (upon washing in 
506
Community profiling was from adult feces and poor medium colonizing bacteria during larval 507 stages. Adult feces collection was described in the section "Developmental time and survival" 
524
PCR products were cleaned-up using AMPure XB (Beckman Coulter Genomics #A63881)
525
beads. An index PCR was carried out on the purified fraction using a Nextera XT Index Kit
526
(Illumina #FC-131-1001) to produce sequencing libraries. Libraries were again verified by
All steps of sequence analysis were performed using the QIIME 1. Evolutionary Regime:
